The objective of this study was the in vitro differentiation of isolates of Salmonella enteritidis whose virulences differed in a chick model. A total of 14 strains of S. enteritidis were isolated from either the environment, dairy products, or infected patients. The isolates could be divided into two groups on the basis of their virulence (50% lethal dose) in chickens infected intraperitoneally. When the strains were incubated in adherence test medium (Spanish patent 9700408), only the virulent strains produced aggregates and formed visible filaments attached to the glass tube. These results suggest, although for a limited number of strains, that aggregation in such a medium could be used as a diagnostic tool to discriminate virulent strains of S. enteritidis.
Salmonella enteritidis infection is a major cause of foodborne illness (11) and remains an important cause of gastroenteritis in humans worldwide. It is usually acquired by ingestion of contaminated water or food, and poultry products are a major source in many developed countries.
During its passage through the body, Salmonella must be able to tolerate several environments with hostile conditions such as low gastric pH and the antimicrobial actions of peptides secreted by the enterocytes. During this journey an intimate interaction takes place between the bacteria and the host cells through a series of biochemical signals. In fact, the factors initiating this communication proceed primarily from the environment at the intestinal lumen. Later, during invasion within both epithelial and phagocytic cells significant molecular changes occur. These changes involve many different inducing signaling processes that result in an array of phenotypes (2) . Thus, it is generally assumed that virulence in Salmonella and many other microorganisms is an induced property (8) . Accordingly, osmolarity, oxygen tension, pH, the concentrations of free iron and magnesium, and many other factors significantly influence the phenotype and the expression of invasion genes (4, 6, 13) .
Differences in the virulence and invasiveness of different strains of S. enteritidis have already been found with a variety of animal models (7, 9, 12, 14, 18) , although as Humphrey et al. (12) point out, there is a need to be able to differentiate between virulent and avirulent strains of Salmonella without necessarily resorting to the use of animal models.
Because our objective was the in vitro differentiation of virulent strains of S. enteritidis, it was necessary to identify environmental signals with which we could induce the in vitro expression of some specific genes involved in pathogenesis. S. enteritidis strains with different levels of virulence were therefore incubated in several media in order to detect such a new phenotype expressed only by virulent strains.
MATERIALS AND METHODS

Bacteria.
A total of 14 strains of S. enteritidis were studied. They were isolated in Navarra-Spain from either the environment, dairy products, or infected patients, and they were randomly selected from the respective groups (Table 1) . The fresh isolates obtained were used to prepare a stock suspension in skim milk that was stored at Ϫ85°C. They were identified as S. enteritidis by biochemical and serological procedures (1, 9, 12; g, m Ϫ). The phage types and plasmid profiles of all isolates were determined. The typing results are presented in Table  1 .
Virulence studies. Newly hatched layer ISA Brown chicks were held in a safety cabinet at constant humidity and temperature and received food and water ad libitum. The chicks originated from Salmonella-free flocks. The infective doses of the strains were estimated by plating the appropriate dilution of the stock suspension in sterile saline on tryptic soy agar (TSA). Colonies were counted after incubation for 1 day at 37°C. The chickens were randomized into groups of six birds and were infected intraperitoneally (i.p.) with 2 ϫ 10 1 to 2 ϫ 10 6 CFU of the corresponding strain. To calculate the 50% lethal dose (LD 50 ) of each strain, the number of dead chickens was recorded every 24 h. The LD 50 was calculated at day 3 postinfection by using the Grafit computer program (version 3.0; Erithacus Software Limited).
In vitro aggregation and adherence. Organisms were retrieved from suspensions stored at Ϫ85°C, plated onto TSA plates, and incubated overnight at 37°C. Several colonies were then transferred to 50 ml of Trypticase soy broth (TSB) and incubated at 37°C on an orbital shaker (150 rpm) for 3 h to the logarithmic phase (optical density at 590 nm [OD 590 ], 0.4). After centrifugation, the bacteria were washed and resuspended in the test medium. The suspension was adjusted to an OD 590 of 0.125 (approximately 10 8 CFU/ml on the basis of viable-cell counts on TSA) before use. Four milliliters of the bacterial suspension was then incubated in glass tubes at 37°C at 200 rpm by using an orbital shaker. The tubes were placed in a rack in order to gain an extra lateral movement during shaking. The composition of the adherence test medium (ATM) for these aggregation studies was 60 mM NaCl, 30 mM NaHCO 3 , 20 mM KCl, and 111 mM glucose (pH 8.4) (5). This medium was supplemented and modified in order to study the conditions of the synthesis of the matrix. All the assessments of the biofilm, except the optical and electronic microscope studies, were monitored visually by subjective quantification (see Fig. 1 ) after 3 h of incubation in ATM.
SDS-PAGE (LPS analysis).
Analysis of lipopolysaccharide (LPS) was performed by the procedure of Hitchcock and Brown (10) . Briefly, the strains stored at Ϫ85°C were incubated in TSB overnight at 37°C. After centrifugation, the bacteria were washed and resuspended in phosphate-buffered saline (pH 7.2) to an OD 525 of 0.5 to 0.6. A total of 1.5 ml of this suspension was centrifuged in a microcentrifuge for 3 min. The pellet was resuspended in 50 l of sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) lysis buffer (2% SDS, 4% 2-mercaptoethanol, 10% glycerol, and 0.002% bromophenol blue in 1 M Tris-HCl buffer [pH 6.8]) and boiled at 100°C for 10 min. A total of 25 g of proteinase K (Merck) was added, and the suspension was incubated at 60°C for 1 h. Five microliters of the digested sample was mixed with 10 l of lysis buffer, and 5 l of this dilution was loaded onto each lane of SDS-polyacrylamide gels comprising 11% separation gels. Following electrophoresis, the bands were stained with silver (20) .
Statistical analysis. The significance of the differences in the levels of virulence of the isolates was assessed initially by cluster analysis and then by a Mann-Whitney two-tailed test.
Electron microscopy. S. enteritidis 5996 was incubated for 3 h in ATM, and the supernatant of the culture was removed. The biofilm that formed was collected from the glass wall by using a syringe with distilled water. The cells were fixed with 4% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 1 h at 4°C, washed twice in 125 mM sucrose-50 mM cacodylate buffer, and postfixed in 1% OsO 4 -100 mM cacodylate at 4°C for 3 h. After two washes with 340 mM Veronal sodium (pH 7.4), the culture was embedded in 4% molten Noble agar (Difco Laboratories). The gel was embedded in Epon-812, and ultrathin sections were examined with a Zeiss EM10CR electron microscope (Carl Zeiss Germany, Oberkochen, Germany).
RESULTS
Challenge of chicks with S. enteritidis strains. The results obtained after i.p. challenge of the layer chicks demonstrated that the clinical strains of S. enteritidis showed a similar intragroup virulence (log 10 LD 50 , 2.65 Ϯ 0.52), in contrast to the strains isolated from environmental and dairy products isolates, which constituted a much more heterogeneous group (log 10 LD 50 , 3.14 Ϯ 1.37). Table 2 presents the LD 50 s of each strain. When a statistical cluster analysis of the variable LD 50 data for all strains tested was adopted, two groups with cluster centers in log 10 LD 50 s of 2.47 (high level of virulence) and 4.63 (low level of virulence) were found. These differences were demonstrated to be highly significant (P Ͻ 0.01) when a MannWhitney U test was applied.
Effect of starvation on S. enteritidis strains. In vitro incubation of the individual strains in ATM revealed the ability of some of them to adhere to the glass wall at the interphase between the medium and the air, and a visible biofilm was formed (Fig. 1) . On examination by phase-contrast microscopy, autoaggregation of the cells was observed even when they were not attached to the glass. The three strains which constituted the group with a low level of virulence showed neither such special aggregation nor the biofilm formation ( Table 2) .
The phenomenon described above became visible after only 40 min of incubation, and after 2 h, a biofilm was obvious (Fig.  1) . This was stable and remained attached even after vigorous shaking. Light and electron microscopy studies of the biofilm revealed that the bacteria were present in an extracellular matrix ( Fig. 2 and 3) .
The expression of fimbrial antigens SEF 14, SEF 21, and SEF 17 (19) by the S. enteritidis strains was examined by enzyme-linked immunosorbent assay. All the strains examined expressed SEF 14, SEF 21, and SEF 17 when they were grown under appropriate conditions (data not shown). No significant differences among the LPS pattern profiles for the different isolates were detected (data not shown).
ATM solution does not support bacterial growth. When the medium was enriched with fetal calf serum (10%) or yeast extract (3 mg/ml), the bacteria were able to multiply, but then the phenomenon was inhibited. Following this observation, the effect of medium supplementation was studied. The results demonstrated that when the solution was supplemented with an inorganic source of phosphorus, nitrogen, sulfur, magnesium, calcium, or iron (Fe 3ϩ ) the adherence was inhibited (Table 3) .
Other sugars that Salmonella is able to utilize for growth could be substituted for glucose, but the phenomenon did not change. However, when the substituting sugar was either lactose or sucrose, which Salmonella cannot use, the biofilm was not formed (Table 4) .
Modulation of biofilm formation. Significant biofilm formation was not observed upon regular orbital shaking and was inhibited in static cultures. The phenomenon was temperature 
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dependent and was enhanced at 42°C, was less pronounced at 22°C, and was not produced at 4°C. The addition of an inhibitor of protein synthesis (tetracycline at 200 g/ml) reduced biofilm production, while inhibitors of RNA synthesis (chloramphenicol at 200 g/ml and rifampin at 200 g/ml) and DNA synthesis (nalidixic acid at 200 g/ml) had no effect.
The levels of glucose in the medium were found to be critical (Table 4 ). An equivalent osmolarity created by the addition of 55 mM NaCl did not affect the biofilm production, although when the concentration of NaCl was increased to 300 mM, complete inhibition was observed. Figure 4 shows how the biofilm production increases as the inoculum rises, reaching the maximum peak when the OD 590 is 0.8. Above that density, the level of biofilm production decreases until the complete inhibition of the biofilm production phenotype corresponding to the acidification of the medium below pH 6. Accordingly, biofilm production was also inhibited when standard ATM was acidified to pH 6 by the addition of HCl.
Biofilm formation occurred optimally when cells were in the logarithmic phase (data not shown).
DISCUSSION
Our first objective was to compare in a chick model the levels of virulence of several strains of S. enteritidis isolated from either the environment, dairy products, or human clinical specimens. The results demonstrated that in the chick model (i.p. route) the strains isolated from humans were more virulent than isolates from either the environment or foods. Three strains of these last two groups were significantly less virulent than the rest of the strains. Other investigators have also detected a heterogeneity of virulence among different isolates of S. enteritidis (7, 9, 12, 14, 18) .
There is a need to be able to correlate virulence with an in vitro feature. We therefore studied the effect of starvation on the strains, because in many pathogenic bacteria, starvation serves as an environmental signal which triggers the expression of virulence factors (3, 15, 16) . We studied the behavior of S. enteritidis strains after incubation in ATM, a starvation medium deficient in several essential elements, such as nitrogen, phosphorus, calcium, magnesium, sulfur, and iron, but with a source of energy such as glucose.
Under these conditions, only the more virulent strains appeared to adhere to the glass wall, forming visible filaments as a biofilm. This biofilm was stable, remaining attached even after vigorous shaking. A variety of attractive forces are probably involved between the biofilm and the glass and include electrostatic and hydrophobic interactions. The high concentration of urea (1.5 M) needed to inhibit the adherence suggests the relatively low level of participation of hydrophobic interactions in the process observed in this study.
This phenotype is independent of plasmid type, LPS structure, or fimbrial expression.
The results obtained after changing the incubation conditions or after supplementation of ATM suggest that two different kinds of signals trigger the formation of a biofilm: starvation and contact. Starvation was demonstrated by adding natural sources of elements such as yeast extract or calf serum. Furthermore, supplementation of individual salts of nitrogen, phosphorus, calcium, magnesium, sulfur, and iron were enough to inhibit the phenomenon, although the MICs were different. Thus, only 0.018 mg of magnesium salt per ml was inhibitory, in contrast to the salts of nitrogen or phosphorus, of which 10 mg/ml was required to produce an equivalent inhibition. Magnesium is essentially an intracellular cation; therefore, it is possible that it could be a signal that indicates to the bacterium that it is in the extracellular environment.
Although starvation is necessary, this was an active process with a requirement for energy. Glucose or another source of energy (metabolizable sugar) was required, and it was also a temperature-dependent process that was accelerated at higher temperatures and that was completely inhibited at 4°C. Biofilm production was optimum for logarithmic-phase cells in an environment above pH 6.
The second signal required for biofilm formation is contact. Biofilm formation was not observed in static cultures or when incubation was performed at low turbulence under normal shaking conditions. The observation that the turbulence of the medium was important could imply that the phenomenon was related to aeration. However, when ATM was incubated in a flask in which a large area of the medium was in contact with air and shaking was at the regular speed, the biofilm was largely absent. In fact, a biofilm was produced in the area of the surface where the shear forces are maximum, in the border of the cone created by shaking.
Although we do not yet know the pathogenic role of this ability to aggregate and adhere to glass surfaces, if there is any, it is possible that this feature is related to the ability of the cells to adhere to epithelial cells. Adherence to intestinal surfaces FIG. 4 . Effect of inoculum and pH on the biofilm formation. Logarithmicphase cells of Salmonella enteritidis 5996 were resuspended in ATM to an OD 590 of 0.125 to 1.4. The cells were incubated as described in Materials and Methods, and the pH was measured and biofilm formation was monitored visually at 2 h of incubation. Biofilm formation was subjectively quantified from ϩ to ϩϩϩ. a Either the concentration of glucose in standard ATM was changed or another sugar was substituted for glucose and the bacteria were incubated in the different solutions as described in Materials and Methods.
b Capacity of S. enteritidis to metabolize sugar. c Biofilm formation was subjectively quantified from ϩ to ϩϩϩ.
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plays a large role in mucosal colonization for nearly all enteric pathogens. Salmonellae are enteroinvasive pathogens that require attachment to the luminal surface to counter the peristaltic cleansing motion of the intestine and to initiate penetration through the mucus. Several reports suggest that contact with eukaryotic cells or even with glass surfaces could be a signal that triggers the transcription of virulence genes in bacteria (1, 17, 21) . The cells must sense whether they are attached to a surface. It is not precisely known, however, how detection of the substratum might be achieved. One suggestion was that the stress set up in the cell membrane caused by the forces involved in adhesion might result in changes in membrane permeability (17) . Thus, starving the cell of its essential elements could induce a genetic change toward the expression of a biofilm. Further studies are required to determine if the induction of filaments in ATM is an artifact or if it plays an important role in the in vivo interactions with the epithelial cells. Several studies are now in progress to correlate our findings in vitro with adherence in vivo and the role of this new phenotype during the stage of macrophage survival.
In conclusion, the results obtained suggest, although for a limited number of strains, that the aggregation in ATM could be used as a diagnostic tool to discriminate between strains of S. enteritidis.
